The characterization of quantum correlations is crucial to the development of new quantum technologies and to understand how dramatically quantum theory departs from classical physics.
I. INTRODUCTION
The concept of wave-particle duality, commonly described as the ability of a quantum particle to produce interference, is a central ingredient of quantum theory, which is absent in our classical intuition of the physical world. In fact, as famously stated by Feynman [1] , this is "the mystery" manifested by microscopic particles, "which is impossible, absolutely impossible, to explain in any classical way, and which has in it the heart of quantum mechanics". Perhaps, the best illustration of wave-particle duality, now understood as a consequence of the quantum superposition principle, is given by the double-slit experiment. This experiment was originally presented by Young in the early 1800s to ascertain the wave properties of light and has become widely used to understand many fundamental aspects of quantum mechanics since the inception of the theory, e.g. the complementarity principle [2] . In this experiment, a beam of particles impinges on a mask with two closely spaced slits through which some of them can pass to have their position detected by a sensitive screen placed on the opposite side. For the case in which there is no information about which slit each of the particles traverses, the detection screen exhibits an interference pattern, therefore, revealing the wave behavior. The first experimental realization of the double-slit experiment on the molecular level was presented in the 1960s using electrons [3] , later conducted with C 60 [4] , as well as with larger molecules [5] . However, only a few years ago this experiment could be realized in full agreement with Feynman's idea [6] .
In the late 1980s, a remarkable new class of experiments expanding the successful category of single-particle interferometers was inaugurated; the so-called multiparticle interferometers. Ref. [7] provides a comprehensive review on this topic. At that time, the new interferometers brought about an alternative way of studying quantum phenomena which are richer and even more intriguing than those resulting from quantum superposition, evidenced in singleparticle systems. The experimental realizations were first obtained using entangled photons [8, 9] , and more than a decade later were performed using the internal states of four ions in a single trap [10] . Above all, it was claimed that multiparticle interferometers can provide measurable outcomes that are associated with the very nature of quantum entanglement. In this case, the signature of entanglement was recognized to be a surprising interference effect that takes place if one monitors the arrival positions of the particles composing the system in coincidence [11, 12] . In contrast, no single-particle interference is detectable with this configuration. This behavior, although surprising, is to some extent intuitive if we recall that quantum superposition gives rise to wave-particle duality, and that entanglement was the name given by Schrödinger to quantum superposition in a many-particle system [13] . As a matter of fact, one of the main lessons that we have learned from the longstanding studies with interferometers was that the fundamental concepts of quantum superposition and entanglement are the responsible for the emergence of single-and multiparticle interference, respectively.
Here, we study the single-and multiparticle interference behavior of bipartite and tripartite systems when each of the parties is submitted to a double-slit interferometer. From the analysis of the bipartite case, we could derive a formula to quantify the amount of two-particle interference, which is shown to be a quantum correlation different from Bell nonlocality [14] , entanglement [15] and discord [16] . Similarly, we show how to quantify three-particle interference for the important case of general three-qubit systems. In this last case, we identify two different classes of three-particle interference, one represented by GHZ-like states and the other by W -like states. Nevertheless, contrary to what has been believed so far [17, 18] , we find that it is possible for a composite quantum system to produce multiparticle interference without being entangled. Our paper is organized as follows: In Sec. II we give a clear definition of two-particle interference relying on a scheme in which both particles are individually submitted to a double-slit interferometer. Based on the interference patterns manifested in this thought experiment, we derive an expression that quantifies quantum interference for general two-qubit system and provide some key examples to compare with the results of other nonclassical correlations. In Sec. III, we extend the quantum interference study to the important case of three-qubit systems. Again, the system is analyzed under the perspective that each particle experiences a double-slit apparatus. The validity of the derived three-particle interference quantifier is also illustrated with some examples of pure and mixed states. Conclusions and remarks are given in Sec. VI.
II. TWO-QUBIT CASE
In this section we want to quantify interference for a general two-qubit system in terms of the interference properties that the subsystems produce upon individual and joint observation. To do so, we consider a thought experiment which consists in a source which emits pairs of particles, a and b, in opposite directions so that each particle is submitted to a double-slit experiment to be further detected on a screen which marks the detection positions. The scheme, which was previously studied by one of the authors in the context of decoherence theory [19] , is shown in Fig. 1 . Here, we call |A 1 and |A 2 the states of particle a when it passes through the upper and lower slits on the right, respectively. Similarly, we denote by |B 1 and |B 2 the respective states of particle b. If we use the four states |A i |B j , with i, j = 1, 2, as a basis to describe this bipartite system, the general state is described the density operator
whose density matrix has 16 entries: ρ ij with i, j = 1, 2, 3 and 4. Now, if we are interested in obtaining information about the joint probability of detecting particle a at a point z A on the right screen and particle b at z B on the left screen in coincidence, this is given by the relation
where |z A and |z B are the respective position eigenstates. Let us consider that after passing through a slit, the wavefunction associated with the emerging particle is spherical. This assumption allows us to write the wavefunctions
and
for the particles on the left and on the right side, respectively. Here, k represents the wavenumber, and r (A,B)l the distances from the slits to the detection points, with (l = 1, 2), as seen in Fig. 1 .
FIG. 1. (Color online)
Schematic illustration for the two-qubit system discussed in the text. A source S generates a pair of particles a and b, which are submitted to the left and right double-slit apparatuses, respectively. After passing through the double-slit stage, the particles are detected on the screens S A and S B , which permanently mark their position as z A and z B . The observable manifestation of single-and two-particle interference in this apparatus is used to quantify interference for general two-qubit systems.
In the regime in which the distance between the slits is much smaller than the distance between the double-slit apparatus and the screen, the Fraunhofer diffraction limit is valid [19, 20] , such that we have r A(1,2) ≈ L ∓ θz A e r B(1,2) ≈ L ∓ θz B , with L and θ defined in Fig. 2 . Taking all this information into consideration, together with Eq. (1), it turns out that the joint probability density will have the following form:
After some algebra, we find that the joint probability density becomes 
where we used the notation ρ ij = R ij + iI ij for the entries of the density matrix, with i as the imaginary unit, i.e., R ij and I ij are the real and imaginary parts of ρ ij , respectively. Observe that the first four terms in Eq. (6) (outside brackets) represent the probability density of detecting particles a and b, respectively, at z A and z B for the cases in which there is a complete information about the path they have taken, i.e., the slit they have traversed. These terms do not contribute with any type of interference effects. The first four terms inside brackets quantifies the existence of oscillation in the coincidence detection rate (CDR) of particles a and b. Finally, the last four terms inside brackets are the responsible for the single-particle interference effects. That is, the existence of these terms gives rise to individual spatial interference patterns on the detection screens. A genuine oscillation in the CDR of particles a and b at the distant screens is a phenomenon that we expect only if these particles have a nonclassical correlation. Therefore, at this point we argue that the "detectability" of this type of oscillation is directly linked to the amount of quantum interference that these two particles have. Later, we show that this correlation is not entanglement, as widely accepted in the literature of multiparticle interference. Having thus described the problem, we shall seek a proper quantifier of multiparticle interference, starting from this simplest case of two qubits. However, it is important to envisage that, even if particles a and b present only single-particle interference on their respective screens, these two independent interference patterns exert an influence on the measured oscillation in the CDR obtained when the data of the two screens are considered together. In this form, we must keep in mind that genuine two-particle interference only occurs if, after subtracting the single-particle oscillation contributions from the two-particle ones, the oscillation in the CDR still remains. In other words, this residual oscillatory effect is the signature of genuine two-particle interference, which implies the existence of quantum-mechanical correlations.
In order to be more precise, observe, for example, from Eq. (6) that if the sum 2(R 23 +R 14 ) and the product 4[(R 13 +R 24 )(R 12 +R 34 )] are nonzero, both will contribute with a joint interference of the type cos(2kθz A )cos(2kθz B ). In this situation, it is possible that these two terms cancel each other, destroying this type of oscillation in the CDR, or sum together to produce a highly detectable oscillation. The first and second cases would represent a signature of the absence and presence of two-particle interference, respectively. Of course, there are also the cases in which the two terms are such that an oscillation is formed only partially, which correspond to partial two-particle interference. Similarly, three other independent analyses can be made relating the contribution of single-and two-particle interference. If the terms 2(R 23 − R 14 ) and 4[(I 24 − I 13 )(I 34 + I 12 )] are nonzero, they contribute with an interference of the type sin(2kθz A )sin(2kθz B ); if the terms 2(I 23 + I 14 ) and 4[(I 24 − I 13 )(R 12 + R 34 )] are nonzero, both contribute with a sin(2kθz A )cos(2kθz B ) interference mode; and if the terms 2(I 14 − I 23 ) and 4[(R 13 + R 24 )(I 34 + I 12 )] survive, they will contribute with an interference of the type cos(2kθz A )sin(2kθz B ). It is important to observe that these four types of two-particle interference compose a basis for a two-dimensional Fourier series, which can generate any sinusoidal function f (z A , z B ), with periodicity ℓ = π/kθ both in z A and z B ,
with
As a result, it signifies that the four types of interference are linearly independent (LI), such that their influence can be analyzed separately. Based on the arguments above, in what follows we shall establish our quantum interference quantifier for a pair of qubits built upon the oscillations in the CDR that they are capable to produce. In this respect, we mathematically define our quantifier with basis on the imbalance between the two-and single-particle interference contributions to the CDR for each of the four LI oscillatory modes. If this imbalance is null, the distant particles do not manifest any detectable oscillation of this type, and consequently the state has no (multiparticle) quantum interference. This feature indicates the complete absence of quantum correlations between the two particles. On the other hand, if there exists some nonzero oscillation in the CDR of the particles, it is because the state of the particles has some amount of two-particle interference. Under this phenomenological definition, our two-qubit quantum interference quantifier assumes the following form:
which is given explicitly in terms of the entries of the density matrix, ρ ij = R ij + iI ij . The subscript and superscript 2 in I (2) 2 (ρ) stand for the number of parties and the dimension of the Hilbert space of each party, respectively. The four absolute value terms in Eq. (12) represent the imbalance between the square of the two-and single-particle contributions to each of the four LI modes: cos(2kθz A )cos(2kθz B ), sin(2kθz A )sin(2kθz B ), sin(2kθz A )cos(2kθz B ) and cos(2kθz A )sin(2kθz B ), respectively. We also included a multiplicative (normalization) factor 1/2 in order for the maximally entangled Bell states provide I
Let us now present some key examples of the application of the interference quantifier of Eq. (12) . For the sake of clarity, in the following examples we will use the simpler computational basis states:
. Accordingly, the pure two-qubit states |Φ(θ, φ) = cos θ |00 + e iφ sin θ |11 and |Ψ(θ, φ) = cos θ |01 + e iφ sin θ |10 provide the result I = 0 for the separable states that emerge when θ = 0 and θ = π/2. Another key example is the case of an arbitrary separable pure state |ψ = |ψ A |ψ B , with |ψ A = cos(θ 1 /2) |0 + e iφ 1 sin(θ 1 /2) |1 and |ψ B = cos(θ 2 /2) |0 + e iφ 2 sin(θ 2 /2) |1 . For this case, after some calculations, Eq. (12) yields I (2) 2 = 0, which is the expected result for an arbitrary separable pure state. Another interesting fact to observe is that Eq. (12) does not depend on the diagonal terms of the density matrix. Thus, for any mixed state of the typê
we have I (2) 2 = 0, as expected. We now consider as an example a special case of two-qubit mixed states, the Werner state. This state, which plays a central role in quantum information theory, is defined as a mixture of a singlet state, |ψ (−) = 1/ √ 2(|01 − |01 ), and completely depolarized noise [21] :
with 0 ≤ p ≤ 1. Werner demonstrated that this state is entangled only if p > 1/3. Another remarkable result about this state is that quantum discord, another measure of nonclassical correlations, is nonzero whenever p > 0 [22, 23] . As a consequence, this result showed that there exists quantumness in some separable states. In Fig. 3 we show the behavior of quantum interference (given by the definition of Eq. (12)), entanglement and discord as a function of the parameter p.
From the quantum interference curve, we can extract another remarkable result based on the study of Werner states: it is possible to have two-particle interference in the absence of entanglement. Indeed, the separable Werner states given by 0 < p ≤ 1/3 are able to produce two-particle interference. This finding contradicts the widely accepted idea that multiparticle interference demands entanglement [7, 17, 18] . Furthermore, we also have that states with nonzero quantum interference do not necessarily violates a Bell inequality. Indeed, the state of Eq. (14) only violates the CHSH inequality if p > 1/ √ 2 ≈ 0.707 [14] . In the next section we extend the study of quantification of interference to the three-qubit case. 2 (ρ W ), discord D(ρ W ), and entanglement of formation E(ρ W ) for the two-qubit Werner state in Eq. (14) . As can be seen, both interference and discord are nonzero in the interval 0 ≤ p ≤ 1/3, in which the state is separable. All three correlation reach unit when p = 1.
III. THREE-QUBIT CASE
In the same spirit of the previous section, we now want to quantify interference for a general three-qubit system by means of the interference properties that the subsystems manifest upon individual and joint observations. In the present case, we consider a gedanken experiment consisting in a source that creates simultaneously three particles a, b and c, which are individually sent towards one of three double-slit apparatuses to be further detected on the screens S A , S B and S C , as shown in Fig. 4 . Similar to the two-qubit case, the quantum states of the particles according to the slit they traverse are denoted by |A 1 and |A 2 for particle a; |B 1 and |B 2 for particle b; and |C 1 and |C 2 for particle c.
By choosing the eight product states |A i |B j |C k , with i, j, k = 1, 2, as the basis states for representing the general tripartite states of the particles, we have that the density operator of the system is written as follows:
FIG. 4. (Color online) Schematic illustration of the three-qubit system discussed in the text. A source S creates three particles a, b and c, which are individually submitted to a corresponding double-slit apparatus. After, the particles are detected on the screens S A , S B and S C , which mark their position at the points z A , z B and z C , respectively. By investigating the single-, two-and three-particle interference behavior that they produce, information about the tripartite quantum interference can be obtained.
which has 64 entries: ρ ij with i and j varying from 1 to 8.
In this case, we have that the joint probability of measuring particles a, b and c at the points z A , z B and z C in coincidence is given by
By following the same steps of the previous section, if we assume that the wavefunctions of the particles after emerging from the slits are spherical, and the geometry of all three double-slit apparatuses are such that the Fraunhofer diffraction limit is applicable, we find that the joint probability density is given by: 
with ρ ij = R ij + iI ij being the coefficients of the density operator in Eq. (15), i.e., R ij and I ij are the real and imaginary parts of ρ ij , respectively.
Notably, each of the 34 terms in Eq. (17) has an important physical significance. The first eight terms, which depend on the diagonal entries ρ ii of the density matrix of the operator of Eq. (15), represent the probability density of measuring particles a, b and c, respectively at z A , z B and z C , for the cases in which there is a complete information about the slits they pass through before detection. As such, these terms alone cannot give rise to any type of interference effects. The following eight terms, which are expressed in terms of products of three oscillatory functions of z A , z B or z C , are the responsible for the emergence of all types of three-particle interference, i.e., interference in the CDR when all three particles are monitored. In a similar fashion, the following twelve terms, which contain products of two oscillatory functions of one of the variables z A , z B and z C , correspond to all possible two-particle interference patterns, that is, interference in the CDR when the particles are monitored in pairs. Finally, the last six terms, which are written in terms of single oscillatory functions of one of the variables z A , z B and z C , account for all types single-particle interference. These terms are the responsible for the emergence of spatial interference on the screens S A , S B and S C .
It is well known that there exist two different classes of genuine tripartite entangled states for three-qubit systems [24, 25] . One represented by the Greenberger-Horne-Zeilinger (GHZ) state, |GHZ = (1/ √ 2)(|000 + |111 ), and the other by the W state, |W = (1/ √ 3)(|001 + |010 ) + |100 ). For the GHZ state, if we measure the state of one of the subsystems such that the resulting state is either |0 or |1 , the other two subsystems are left in a separable pure state. Differently, the W state retains a pair of subsystems in a maximally bipartite entangled state when one of the subsystems is measured under equivalent conditions [26] . In this context, a very important property of three-qubit systems is that states pertaining to these two different classes cannot be converted into each other by any local operation and classical communication (LOCC) process. By the same token, we infer that a three-qubit system can produce two types of three-particle interference: one observed when all three particles are monitored simultaneously, that we call GHZ-like interference; and another which appears only when the particles are monitored in pairs, irrespective of the pair, that we call W -like interference. We shall see that these two types of interference are independent of each other. In this perspective, this means that a general interference quantifier, which is supposed to work for an arbitrary three-qubit system, mixed or not, must quantify separately the amount of GHZ-like and W -like interference, and then sum both together. In this form, our first objective in this section is to understand how to quantify these two types of interference behaviors from the single-, two-and three-particle interference produced by the system of Fig. 4 . To do this, we must first understand in more details what kind of interference signatures GHZ and W states may exhibit in that apparatus.
Initially, let us address the issue of how GHZ states manifest interference effects in the scheme of Fig. 4 . In this case, the central idea is that interference in a GHZ state is only detected if the three parties are jointly observed, and no quantum effect is evident when only two or one of the parties are evaluated [27, 28] . Therefore, we expect that the only interference effect produced by GHZ states in the experiment of Fig. 4 is an oscillation in the CDR of the three particles, when their arrival times on the screens S A S B and S C are investigated. Such oscillations are observed when one varies the relative position among the detection points z A , z B and z C . On the other hand, no other type of interference effect is expected for GHZ states, e.g. oscillations in the CDR when only two of the particles are observed, or single-particle spatial interference. Given this idea, our next step is to find a way to quantify exclusive three-particle interference effects from the expression of the probability density in Eq. (17) . As mentioned above, the terms which contain the product of three oscillatory functions of the detection points z A , z B and z C are the responsible for the appearance of three-particle interference. However, we have to observe that combinations of the product of two oscillatory functions with a single oscillatory function, or of three single oscillatory functions, can produce a similar behavior. Therefore, to correctly extract the effect of GHZ-like three-particle interference, we must subtract the effect of these combinations from that of the three-particle interference to express the genuine three-particle interference.
By inspection of Eq. (17), if we are interested for example in studying the emergence of an interference effect of the type cos(2kθy A ) cos(2kθy B ) cos(2kθy C ), we see that it can happen whether the sum R 18 is nonzero. However, similar to the case of two qubits, it is possible that these terms cancel out, destroying completely this type of interference, or sum together producing a highly prominent oscillation of this type. However, among all these contributions, the one which promotes three-particle interference is that due to the sum R 18 + R 27 + R 36 + R 45 . Besides the interference mode of the type cos(2kθy A ) cos(2kθy B ) cos(2kθy C ), seven other types of three-particle interference, which are LI, can take place. They will all be listed below. Nevertheless, before doing that, we anticipate that our GHZ-like interference quantifier will be given by the imbalance among three-, two-and single-particle interference contributions to the CDR of all eight LI oscillatory modes. Given this phenomenological definition, the amount of GHZ-like interference contained in each of the eight possible three-particle interference modes are given by: i) cos(2kθy A ) cos(2kθy B ) cos(2kθy C ) mode for particles A-B-C: 
ii) cos(2kθy A ) cos(2kθy B ) sin(2kθy C ) mode for particles A-B-C: 
iii) cos(2kθy A ) sin(2kθy B ) cos(2kθy C ) mode for particles A-B-C: 
As can be seen, the eight interference mode quantifiers represent the imbalance among the square of the three-, two-and single interference contributions to each of the possible LI modes, similar to what was realized in the two-qubit case. If such imbalance is zero, it means that the oscillatory mode in question is not detectable. Therefore, if the tripartite state has some amount of genuine GHZ-like interference, at least one of the above mode quantifiers will be nonzero. Overall, the total amount of GHZ-like interference in an arbitrary threequbit state is given by
with the I (i) GHZ elements given in Eqs. (18) to (25) . The multiplicative (normalization) factor 9/16 was placed in order to obtain I GHZ (ρ) = 1 for the maximally entangled GHZ state.
Let us now give some examples to illustrate the validity of the interference quantifier of Eq. (26) . Again, for clarity of the examples, we will use the computational basis in the following form:
. In this form, as a first example we have that the state |ψ 1 = cos(α) |000 + e iφ sin(α) |111 provides I GHZ = sin 2 (2α), which attains unit only for the maximally entangled GHZ state, when α = π/4 or 3π/4. On the other hand, for the important case of a general pure separable state, |ψ 2 = |ψ A |ψ B |ψ C , with |ψ A = cos(θ 1 /2) |0 + e iφ 1 sin(θ 1 /2) |1 , |ψ B = cos(θ 2 /2) |0 + e iφ 2 sin(θ 2 /2) |1 and |ψ C = cos(θ 3 /2) |0 + e iφ 3 sin(θ 3 /2) |1 , after some calculations we find that I GHZ = 0. Now, we address the issue of how W states produce interference effects in the apparatus of Fig. 4 . In this case, we have that the three particles must manifest interference in the CDR when they are observed two at a time, but no interference is detected when the three particles are simultaneously monitored, and no single-particle (spatial) interference is visualized. Thus, interference effects for these states are only detectable for the arrival times of the particles when they are measured in pairs. That is to say that oscillations can be found only when one varies the relative position between any pair of detection points among z A , z B and z C . As such, we now proceed to find a way to quantify W -like interference from the probability density given in Eq. (17) . In doing so, we first need to identify all terms which contain the product of two oscillatory functions of the variables z A , z B and z C , as well as the combination (product) of two single oscillatory functions producing similar effects. Below, we list the twelve possible LI oscillatory modes which are important for quantifying W -like interference, and the corresponding contributions that they have from the terms of Eq. (17) . Again, we shall consider the contributions of two-particle interference and subtract the analogous contribution due to combinations of single oscillatory functions in order to express the genuine two-particle interferences. As we have done in the case of two-qubits and GHZ states, we quantify the amount of interference for each mode with the absolute value of the difference between the square of the two-particle and combined contributions: i) cos(2kθy A ) cos(2kθy B ) mode for particles A-B: Given these quantifiers for all possible two-particle interference modes, and being aware that a W -like interference only exists if all three particles are quantum correlated, but with the quantum correlations established only for pairs of particles, we will now write the interference quantifier for W -like states. To this end, we must understand that for the Wlike interference to exist, at least one of the modes of each type A-B, A-C, and B-C must be nonzero. Therefore, the total amount of W -like interference in an arbitrary three-qubit state is given by
with the I W bc elements given as in Eqs. (27) to (38). The normalization factor (9/8) 3 was introduced to set I W (ρ) = 1 for the maximally entangled W state. By testing this quantifier for an arbitrary pure separable state |ψ 1 = |ψ A |ψ B |ψ C , with |ψ A = cos(θ 1 /2) |0 + e iφ 1 sin(θ 1 /2) |1 , |ψ B = cos(θ 2 /2) |0 + e iφ 2 sin(θ 2 /2) |1 and |ψ C = cos(θ 3 /2) |0 + e iφ 3 sin(θ 3 /2) |1 , we obtain I W (ρ) = 0, as expected. Also, for a general W state,
Overall, if we want to quantify interference for a general three-qubit state, we just need to sum the quantifiers for GHZ-like and W -like states, which are independent of each other, i.e., quantify different three-qubit classes of multiparticle interference. In this form, the general quantifier is:
with I GHZ (ρ) and I W (ρ) given by the relations of Eqs. (26) and (39), respectively. The subscript 3 and superscript 2 in I
3 (ρ) stand for the number of parties and the dimension of the Hilbert space of each party, respectively. According to the tests realized with this general interference quantifier, we observed that I GHZ (ρ) > 0 and I W (ρ) = 0 for all GHZ-like states, and I GHZ (ρ) = 0 and I W (ρ) > 0 for all W -like states, as expected.
As an example of our quantum interference quantifier applied to three-qubit mixed states, we consider the case of the Werner-GHZ state. This state is defined as a mixture of a GHZ state and completely depolarized noise [26, 31, 32] :
with 0 ≤ p ≤ 1. In Fig. 5 we compare our results of quantum interference using Eq. (40) with those of global quantum discord computed in Ref. [33] for this state. As can be seen, both quantum interference and discord are nonzero for p > 0. However, this state is known to be separable if p < 1/5 [24, 34] , and biseparable if p < 3/7 [35] . As such, this finding confirms that some separable states, as well as biseparable states, can exhibit three-particle interference. It is important to call attention to the fact that the quantum interference of the Werner-GHZ state, I 
3 (ρ W ) and global discord D(ρ W ) for the Werner-GHZ state of Eq. (41). As can be seen, both quantifiers provide nonzero values in the interval 0 ≤ p ≤ 1/5, in which the state is separable [24, 34] .
IV. CONCLUSIONS AND REMARKS
In conclusion, we have presented a new method of quantifying quantum correlations based on the multiparticle interference produced by a composite quantum system when each of the constituent subsystems is submitted to a double-slit apparatus. By means of the expressions of the single-and multiparticle interference patterns manifested in this scheme, we were able to write two formulas that quantifies the amount of quantum correlation for general two-and three-qubit systems. Remarkably, these expressions could be derived explicitly in terms of the density matrix elements, independent if the bipartite or tripartite state is pure or mixed. Interestingly, for the special case of pure states, we verified that our quantum interference quantifiers for two-and three-qubit systems could also work as entanglement quantifiers. In fact, applying Eqs. (12) and (40) to pure two-and three-qubit states, respectively, we verified that our quantifiers, I 
3 (ρ) = 0 ifρ is a separable state: we verified this point by analyzing separable pure states in both cases. Moreover, despite not being a requirement, our quantifiers also satisfy the criterion of (iii) Normalization: I(|Φ d ) = log 2 d, where |Φ d is a maximally entangled state, with d as the dimension of the Hilbert space of each subsystem.
On the other hand, by investigating our two quantifiers for the case of mixed Werner states, we observed that the amount of multiparticle quantum interference of some separable states is nonzero. It is important to call attention that these states were also demonstrated to have nonzero discord [22, 23, 33] . In this context, from the analyses realized with two-and three-qubit Werner states, one can see that the profiles of quantum discord and our definition of quantum interference are similar, principally in the first case, as can be seen in Fig 3. Remarkably, our results showed that entanglement is not a requirement for a composite quantum system to produce multiparticle interference, as widely accepted in the literature [7, 11, 12, 17] . We believe the present method of quantifying quantum correlations through the study of the interference patterns produced by many-particle systems will advance our understanding of quantumness in composite systems and bring important insights into some central questions on the foundations of quantum theory. Particularly, we envisage that our approach to quantify quantum correlations can be extended to more than three qubits, or to higher dimensional systems.
